Abstract-Color sensors based on vertically integrated thin-film structures of amorphous silicon ( -Si : H) and its alloys were realized to overcome color moiré or color aliasing effects. The complete color information of the color aliasing free sensors is detected at the same spatial position without the application of additional optical filters. The color separation is realized in the depth of the structure due to the strong wavelength dependent absorption of -Si : H alloys in the visible range. The sensors consist of three stacked p-i-n diodes. The spectral sensitivity of the sensors can be controlled by the optical and electronic properties of the materials on one hand and the design of the devices on the other hand. In order to investigate the optical wave propagation within the device and to optimize the color separation we have developed an optical model, which takes the optical properties of the individual layers and the device design into account. The optical model has been combined with a colorimetric model, which facilitates the benchmarking of the color sensors and the reduction of the color error of the sensors. Finally, an improved device design will be presented.
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I. INTRODUCTION
C OLOR image processing is usually performed with the aid of color filter array (CFA)-coated charge-coupled device (CCD) or CMOS sensor arrays [1] . However, color detection with a CFA leads to the color moiré‚ or color aliasing effect, which is observed when structures with high spatial frequencies are captured. Additionally, traditional sensor systems exhibit low area fill factors, because one color pixel is split into several chromatic subpixels. In order to overcome the color moiré‚ effect, vertically integrated sensor structures have been proposed, which detect the color information in the depth of the sensor structure [2] - [9] . Furthermore, stacked sensor systems based on amorphous silicon ( -Si : H) can be integrated on top of amorphous, polycrystalline, or crystalline readout electronics [10] - [12] , because -Si : H can be prepared at low temperatures (200-300 C).
The device design of the color sensors ranges from two-terminal thin-film devices [2] - [7] , which change the spectral sensitivity as a function of the applied bias voltage, to multiterminal devices in thin-film or crystalline silicon technology [8] , [9] . Two-terminal sensors can typically be described by an anti-se- rial connection of two diodes [5] - [7] , a phototransistor configuration [2] , or a diode with different absorption regions for the detection of red, green, and blue light [3] , [4] . Since the spectral response can be shifted from blue to green and red by the variation of the applied voltage, the color channels must be separately selected and read out sequentially. The pixel pitch of amorphous two-terminal sensors integrated on top of a processing electronic is similar to CCD or CMOS sensors. A pixel pitch of m has been demonstrated for an -Si : H black/white sensor on top of an application specific integrated circuit (ASIC) [12] . The area fill factor is close to 100%. Similar values can be expected for two-terminal color sensor arrays. Furthermore, it has be mentioned that two-terminal devices suffer from nonlinearities [3] , because the spectral sensitivity depends on the intensity of the illumination. Additionally, real-time applications are limited by the transient response times, especially at low levels of illumination. This behavior originates from the trapping and recombination behavior of carriers in -Si : H [3] , [13] .
To improve the linearity of the spectral response, we have realized thin-film devices based on three vertically integrated diodes of -Si : H and its alloys. Since the diodes are driven at reverse bias, a good carrier extraction, a high linearity, and a fast response are achieved. Additionally, a stacked three-channel detector can be read out by one shot. Multiterminal devices are characterized by a more complex layer structure since four terminals have to be connected with the readout electronic of each pixel. This fact results in a lower area fill factor. Furthermore, the integration of three individual sensors facilitates a more flexible design of the absorption region to achieve an adjusted spectral sensitivity for red, green, and blue. Due to the device design, blue light is mainly absorbed in the top diode and green light in the second diode, whereas red light mainly determines the photocurrent of the bottom diode (see Fig. 1 ). In order to match the demands of different applications, the optical bandgap of the material can be controlled over a wide range by the deposition conditions. The color recognition of the sensors is in general limited by the mismatch between the spectral sensitivities of the sensor and the color matching curves representing human color vision [14] . Furthermore, a general limitation of -Si : H-based color detectors is the broadened blue response, due to the high absorption of light for longer wavelength even for thin layers. This originates from the lack of absorption materials with a high optical bandgap ( 2.3 eV) and good electrical properties. On the other hand, the thickness of the diodes can only be shortened to a certain extent, since decreasing the absorption layer thickness reduces the dynamic range. This is due to the decrease of the photocurrent and an increase of the dark current caused by microshunts. As a consequence, the spectral sensitivity of the top diode is widened and a decrease of the color error of the sensor is restricted. In Section II, we describe the experimental realization of the vertically stacked color sensors. Experimental results will be presented in Section III. Based on the realized structure, in Section IV, we develop an optical model, which facilitates the calculation of the spectral sensitivity of each diode as a function of the design of the multilayer stack and the absorption materials in order to analyze the optical properties of the sensors. The optical simulations and the influence of the device design on the spectral sensitivity will be discussed in Section V. The colorimetric characterization of the sensor for different device designs will be discussed in Section VI and an improved and experimentally realized device structure will be discussed in Section VII. Finally, conclusions will be presented in Section VIII.
II. EXPERIMENT
The samples have been deposited in a multichamber plasmaenhanced chemical vapor deposition (PECVD) system at 210 C on glass substrates coated with flat transparent conductive oxide (TCO). The TCO-layers have been realized by rf-magnetron sputtered zinc oxide [15] . Each of the three amorphous diodes consists of a p-i-n-layer structure. In order to vary the optical bandgap within the device, different layers were alloyed with carbon using a gas mixture of silane and methane. The optical bandgaps of the -layers increase with enhanced carbon content. P-and n-type doped layers were realized by adding trimethylboron and phosphine, respectively. A detailed description of the deposition parameters can be found in [16] . The optical constants and the optical bandgap of the layers have been determined by a separated characterization of individual layers by transmission/reflection, constant photocurrent method (CPM), and ellipsometry measurements. After deposition of the complete layer stack (see Fig. 1 ) the samples were patterned using photolithography and reactive ion etching. In order to pattern the four-terminal devices, a simple three-mask process has been developed. We use thermally evaporated aluminum as a back contact. The area of the realized sensors varies between 3 and 10 mm for all realized structures.
III. EXPERIMENTAL RESULTS
In Fig. 2 , the spectral response of a produced three-channel sensor is given. The three-channel sensor based on three ver- tically integrated diodes allows the simultaneous detection and readout of three sensor signals. The -layer thickness of the top, middle, and bottom diode is approximately 85 nm, 200 nm, and 700 nm, respectively. The optical bandgap of the absorption layers in the top, middle, and bottom diode is 2.0 eV, 1.9 eV, and 1.75 eV, respectively, by alloying carbon to the deposition gas silane. The spectral response curves of the three-color detector (see Fig. 2 ), measured under short-circuit conditions, exhibit maximum at 450 nm, 560 nm, and 640 nm and full widths at half maximum (FWHM) of 185 nm, 125 nm, and 120 nm, respectively.
IV. OPTICAL MODEL
To investigate different device designs, we have developed an optical model, which calculates the optical generation profile in a multilayer system as a function of the position and the wavelength. The optical wave propagation within a multilayer system can be calculated by different approaches [17] . One of the easiest ways to implement a mathematical method is the application of matrix formalism [18] . In the case of isotropic materials assuming smooth and parallel layers, a one-dimensional model can describe the wave propagation. This assumption leads to a drastically simplified mathematical formalism. In the applied matrix formalism the output of the system can be described by a linear function, which directly correlates the input and the output electric field vectors. A chain matrix describes the transfer matrix of the multilayer system. The formalism is applied to the layer stack, shown in Fig. 3 :
The component describes the electric field toward the first interface in positive direction, whereas represents the electric field at the interface between layers 0 and 1 in negative di-rection. The components indicate the electric output field at the interface between the and -layer. The layer is typically the back contact, so that becomes zero. The scattering matrix S describes the multilayer system (2) The scattering matrix is set together by a step-by-step multiplication of interface ( ) and transmission ( ) matrix elements for each interface and each layer. Based on the scattering matrix the transmission and the reflection of the whole multilayer system can be determined. In order to simplify the description of the optical wave propagation, the layer stack can be divided into a three-layer system based on the -layer and two subsystems and . Hence, the description of the layer stack is simplified to a stack consisting of the subsystem (layer 1 to ), the layer itself, and the subsystem (layer to ). Therefore, the transmissions and reflections of the subsystems can be defined.
Based on these expressions, the electric field in the -layer can be calculated as a superposition of the electric field into positive and negative directions (3) is the transmission through the -layer in positive/negative directions. The intensity within the layer can be calculated after a few transformations, as given in (4) and (5) .
is the incident light intensity and corresponds to an internal transmission of the multilayer system. is the absorption coefficient of the -layer . and denotes the absolute value and the phase of the reflection of the subsystem , respectively (4)
The first term of (5) originates from the electric field propagation into positive direction. The positive direction means the direction of the incident light. The second term describes the electric field propagation into negative direction. The third term is due to interference effects of the two waves. The interference component is especially important for very thin layer systems and/or systems with a distinct difference in the complex refractive indexes of the individual layers.
In the next section, we will show that the interference effects can be applied as a tool to improve the color separation, especially for the top diode of a vertically integrated three-color sensor. In order to determine the optical spectral sensitivity of the individual diodes, the optical energy dissipation has to be integrated over the active region ( -layer) of the diode. We assume that the collection efficiency of the carriers generated in the -layer is 100%, because of the electric field in the thin active regions is high under short-circuit conditions and material with low defect density was incorporated.
V. OPTICAL SIMULATIONS
A comparison of the realized sensor (see Fig. 1 ) with crystalline sensors covered with optical filters or with the color matching functions [14] indicates that the spectral response curves of the three channels (see Fig. 2 ) are widened. The difference in spectral sensitivity between the experimentally realized sensor and the standard observer [14] is caused by the lack of optoelectronic materials with a high optical bandgap and good optoelectronic properties. The available material limits especially the spectral sensitivity of the top diode. However, the shape of the spectral response in this range depends also on the device structure. Before the influence of the top diode layer thickness and the optical bandgap on the device performance was investigated, the reflection of the realized structure was calculated [19] to confirm the accuracy of the assumed device structure. The relative spectral response of the top diode as a function of the layer thickness is given in Fig. 4 for an optical bandgap of 2.0 eV.
The peak of the shown spectral sensitivities is normalized to the maximum value of the simulated spectral sensitivity of a structure with an -layer thickness of 85 nm, which is correlated with the experimentally realized structure. In the simulation, the thickness was varied between 25 nm and 95 nm. This variation results in a shift of the maximum of the spectral response from 390 nm to 425 nm. However, the FWHM of the spectral response curves gives a comprehensive view of the simulation results (see Fig. 5 ).
The circles and squares in Fig. 5 indicate the FWHM of the top diode employing optical bandgaps of 2.0 eV and 2.2 eV, respectively. The reduction of the thickness of the absorption layer within the top diode from 85 nm (experimental) to 65 nm or 55 nm leads to a narrowing of the spectral response curve and a decrease of the FWHM by 15 nm down to 170 nm. For a thicker absorption layer ( nm), a reduction of the FWHM is observed in the simulation. For an -layer thickness thinner than 55 nm, an increase of the FWHM is also calculated. The variation of the FWHM is mainly determined by interference effects, which appear between 500 nm and 520 nm (see Fig. 4 ). As a consequence, the shape of the blue response for longer wavelength is changed. This can be explained by the third term in (5). The variation of the thickness from 55 nm or 65 nm to 95 nm leads to a change from destructive to constructive interference in the amorphous layers of the top diode for the wavelength of 500 nm, caused by a change of . For calculations assuming an optical bandgap of 2.2 eV instead of 2.0 eV, a shift of the minimum of the FWHM down to 145 nm can be observed for an absorption layer with a thickness of 45 nm. Nevertheless, the shape of the blue response is similar. Based on the calculations in Fig. 5 , the FWHM of the top diode can be reduced to a certain extent, but the influence of microshunts significantly enhances the dark current for very thin diodes.
VI. COLORIMETRIC CHARACTERIZATION
Different models have been developed to transform the spectral sensitivity of stacked color sensors into standardized color formats (e.g., CIE) ranging from simple transformations of the spectral response curves [3] , [4] , [20] to colorimetric characterization models using sets of test colors [21] - [23] . Colorimetric characterizations of stacked color sensors have been performed using the spectral response data [21] , [22] or experimental data determined by the characterization of color test charts [23] .
In the following, a colorimetric characterization model based on the spectral response of the sensor will be applied to benchmark the performance of the produced and numerically calculated sensors. Based on the following equations, three color stimuli were calculated for the three sensor signals (6) The suffix denotes the three measured channels 1, 2, and 3 and the three color stimuli , , and are free of dimensions.
is the spectral power distribution of the incident light, is the spectral reflection of the object, and is the spectral sensitivity of a channel of the sensor. is a pre-factor to normalize the calculations to a white reference object. The integration was repeated for all three sensor channels. If in (6) is replaced by the color matching functions , the colorimetric tristimulus values , , and are obtained. In order to obtain colorimetric values from the sensor outputs , a transformation matrix is set up, yielding (7) This procedure is repeated for all test colors. In the first step, a least square fit is used to determine the parameters of the matrix . A set of reference colors has been used for the fit. In the second step, the matrix has been applied to calculate the estimated tristimuli for the sensor via (7) . In this case, a set of test colors has been used. In the third step, the exact (standard observer) and the estimated values (sensor) are transformed into the CIELab color space, which is visually rather physically uniform. After the nonlinear transformation into the Lab color space, the color error for each individual test color can be determined by (8) and represent the brightness of the CIE standard observer and the detector, respectively. The variables , , , and correspond to hue ( ) and chroma ( ) of the standard observer and the detector. In this case, represents the color error in the CIELab color space. Based on the average color error and the root-mean-square of the evaluated test colors, different sensors can be compared regarding the color perception of the human eye. A more detailed description of the colorimetric characterization is given in [24] .
The colorimetric characterization has been applied to the optically calculated spectral response curves of a vertically stacked three-color sensor. The color error for different thickness of the top diode is shown in Fig. 6 , employing an absorption layer with an optical bandgap of 2.0 eV and 2.2 eV, respectively. A set of 1269 Munsell test colors has been used for the evaluation [20] .
A good agreement between the color error for the simulated and realized structure is obtained. In contrast to the decreasing FWHM for the top diode, an increase of the color error is observed for the thinner -layer. The reduction of the FWHM of the spectral response from 185 nm to 170 nm results in an increase of the average color error from to . The lowest color error is calculated for top diodes with an optical bandgap of 2.2 eV in combination with an 80-or 90-nm thick absorption layer. However, the difference of the color error cannot only be explained by a change of the spectral sensitivity of the top diode. A modification of the design affects the transmission of light through the top diode as well. The spectral response of the middle diode is mostly affected by a change of the transmission through the top diode. The optical calculations of the spectral response point out that, only for very thin top diodes, a shift of the spectral response of the middle diode to shorter wavelengths is observed (see Fig. 7 ).
For a layer thickness in the top diode between 55 nm and 95 nm, the maximum of the spectral response curve of the middle diode keeps constant at 555 nm and 540 nm, employing a material with bandgaps of 2.0 eV and 2.2 eV, respectively. This result confirms that interference effects mainly determine the change of the spectral sensitivity for the top diodes, whereas the direct absorption [terms 1 and 2 of (5)] is mainly unchanged. In order to understand the reduction of the color error for the top diode with an optical bandgap of 2.2 eV and a thickness of 85 nm or 95 nm, a second aspect has to be taken into account. The overlap of the spectral response curves is a further condition, which has an impact on the color error. A large or a very small overlap of the spectral response leads to an enhanced color error due to a mismatch of the spectral response curves and the color matching functions. The FWHM of the sensor in Fig. 2 is relatively large, especially for the top diode. Therefore, an enhancement of optical bandgaps from 2.0 eV to 2.2 V leads to a drastically decrease of the color error, whereas a further reduction of the thickness of the top diode leads to no further improvement ( nm/ eV, nm/ eV). For thinner absorption layers in the top diode, a destructive interference at 500 nm takes place. As a consequence, the overlap of the spectral responses of the top [20] diode and the middle diode is reduced. Based on the discussed optimization criteria, we have prepared a sensor structure with improved device design.
VII. IMPROVED DEVICE DESIGN
The properties of a stacked multichannel sensor with an optical bandgap of 2.2 eV in the top diode are depicted in Fig. 8 . The maximum of the spectral sensitivity of the new top diode shifts from 450 nm to 410 nm due to the higher (2.2 eV) bandgap.
As a further comparison of Fig. 2 and Fig. 8 indicates, the optical bandgap of the top diode is not the only parameter, which has changed to optimize the sensor. A summary of the calculated color errors, standard deviations, and maximum errors of the different device structures is given in Table I . The thickness of the absorption layers of the middle and the bottom layer has also been reduced from 205 nm in the middle diode to 150 nm and from 700 nm to 400 nm in the bottom diode. Caused by the reduced thickness of the absorption layers, in particularly, the maximum of the red response shifts to shorter wavelengths and the absolute value of the spectral sensitivity is reduced. Hence, the red response of the sensor fits well with the standard observer for longer wavelength [15] . Consequently, the color error is lower than the calculated one in the previous section. Sensor A corresponds to the experimentally realized sensor in Fig. 2 . The absorption layer of the top diode has a thickness of 85 nm and an optical bandgap of 2.0 eV. Sensor B is the optically simulated sensor using an absorption layer of 85 nm and a bandgap of 2.2 eV in the top diode. The color error of Sensor C corresponds to the experimentally realized structure C. As mentioned above, the sensor consists of a top diode used for Sensor B ( nm/ eV) in combination with the modified absorption layer thickness of the middle and bottom diode. In addition to the modified design of the amorphous absorption layers, a surface treatment of the TCO-layer between the middle and the bottom diode was performed that drastically reduces the interference fringes of the third channel. A description of the texture process and the optical properties of the rough TCO-layer are given in [14] . The texture of the TCO-layer leads to a smoothing of the spectral response curve of the bottom diode and reduces the sensitivity to deviations of the thickness of the whole layer stack due to the fabrication process of the individual layers. However, experimental results and optical calculations reveal that the spectral sensitivity of the individual diodes is less sensitive to deviations of the absorption rather than changes in the thickness of the individual diodes due to fluctuations of the fabrication process. As mentioned, for the bottom diode of the stacked sensor, the sensitivity to interference effects can be reduced by the incorporation of a rough contact layer. Due to light scattering the contribution of coherent light propagation reduces. This approach can be also used for the middle diode, which leads to a slightly increase of the color error but improves the uniformity and the robustness of the fabrication process. However, the modification of the design of the middle and the bottom diode results in an additional reduction of the color error from to . Furthermore, the standard deviation of the color error for the applied 1269 Munsell test colors has been distinctly reduced for Sensors B and C in comparison to Sensor A. Only the maximum color error of the novel device has been increased due to the shift of the maximum of the spectral response of the middle diode from 540 nm to 530 nm, and the shift of the maximum of the spectral response of the bottom diode from 640 nm to 590 nm. Nevertheless, the colorimetric calculations in Table I point out that the Sensor C in Fig. 8 is clearly superior to Sensor A in Fig. 2 . To compare the realized sensor structures with other sensors, we have characterized several other digital cameras and scanners in respect to their color resolution. The color error of commercially available sensors is typically in the range of . Therefore, the novel device structure demonstrates a color resolution, which is compatible and, in some cases, better than commercial sensors.
VIII. CONCLUSION
Novel color sensors based on stacked thin-film diodes have been developed. These thin-film structures enable color moiré‚ free color detection. Accordingly, the complete color information can be detected at the same position of a sensor array without the aid of optical filters. In order to match the demands of different applications, an optical model has been developed which describes the wave propagation within the multilayer stack. In combination with a colorimetric characterization model, a direct correlation between the optical design of the color sensor and the color error of the structure was established. Based on the optical and colorimetric calculations, a novel device design has been determined and a sensor has been experimentally realized. The ability to use interference effect engineering in the short wavelength range as a powerful tool to improve the performance of optical sensor has been described and demonstrated. The optimized sensor exhibits a color error comparable with commercial detectors using optical filters.
